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Human Milk Contains Novel Glycans That Are
Potential Decoy Receptors for Neonatal

Rotaviruses*s

Ying Yut, Yi Lasanajakt, Xuezheng Songt, Liya Hu§, Sasirekha Ramanif],
Megan L. Mickumi, David J. Ashline|, B. V. Venkataram Prasad§7], Mary K. EstesT],
Vernon N. Reinhold|, Richard D. Cummingst**, and David F. Smith}**

Human milk contains a rich set of soluble, reducing gly-
cans whose functions and bioactivities are not well un-
derstood. Because human milk glycans (HMGs) have been
implicated as receptors for various pathogens, we ex-
plored the functional glycome of human milk using shot-
gun glycomics. The free glycans from pooled milk sam-
ples of donors with mixed Lewis and Secretor phenotypes
were labeled with a fluorescent tag and separated via
multidimensional HPLC to generate a tagged glycan li-
brary containing 247 HMG targets that were printed to
generate the HMG shotgun glycan microarray (SGM). To
investigate the potential role of HMGs as decoy receptors
for rotavirus (RV), a leading cause of severe gastroenteri-
tis in children, we interrogated the HMG SGM with recom-
binant forms of VP8* domains of the RV outer capsid spike
protein VP4 from human neonatal strains N155(G10P[11])
and RV3(G3P[6]) and a bovine strain, B223(G10P[11]). Gly-
cans that were bound by RV attachment proteins were
selected for detailed structural analyses using metadata-
assisted glycan sequencing, which compiles data on each
glycan based on its binding by antibodies and lectins
before and after exo- and endo-glycosidase digestion of
the SGM, coupled with independent MS" analyses. These
complementary structural approaches resulted in the
identification of 32 glycans based on RV VP8* binding,
many of which are novel HMGs, whose detailed structural
assignments by MS" are described in a companion report.
Although sialic acid has been thought to be important as
a surface receptor for RVs, our studies indicated that sialic
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acid is not required for binding of glycans to individual VP8*
domains. Remarkably, each VP8* recognized specific gly-
can determinants within a unique subset of related glycan
structures where specificity differences arise from subtle dif-
ferences in glycan structures. Molecular & Cellular Pro-
teomics 13: 10.1074/mcp.M114.039875, 2944-2960, 2014.

Human milk offers nutrition, innate immune protection, and
other developmental benefits to infants (1, 2). In addition to
essential nutrients and bioactive antibodies, human milk
uniquely possesses a rich pool of free-reducing glycans
(oligosaccharides), most of which are unique to human milk
(3, 4). Depending on the blood group status and the lactation
stage of an individual, the concentration of human milk gly-
cans (HMGs)' larger than lactose varies between 5 and 15 g/,
making them the third largest component of human milk after
lactose and lipids (5). Over the past decades, more than 100
structurally distinct HMGs have been identified (6-9). All of
these glycans originate from a lactose that is extended
by type 1 (GalB1-3GIcNAc) or type 2 (GalB1-4GIcNAc) N-
acetyllactosamine in either linear or branch forms and further
modified with a-linked fucose and/or N-acetylneuraminic
acid. It has been shown that HMGs are only minimally di-
gested in the upper gastrointestinal tract and are transported
intact into the lower parts of intestine (10, 11). Additionally,
~1% to 2% of HMGs are excreted via an infant’s urine and
seem to appear in the circulation (12, 13).

Accumulated evidence has indicated that HMGs play mul-
tiple biological roles. In addition to having well-known prebi-

" The abbreviations used are: HMG, human milk glycan; SGM,
shotgun glycan microarray; RV, rotavirus; MS", multi-stage mass
spectrometry; MAGS, metadata-assisted glycan sequencing; Le?,
Lewis a; Le®, Lewis b; Le*, Lewis x; SLe*, sialyl-Lewis x; Le?, Lewis y;
AEAB, 2-amino-N-(2-amino-ethyl)-benzamide; TGL, tagged glycan
library; HM, human milk; CFG, Consortium for Functional Glycomics;
HM-SGM-v2, human milk shotgun glycan microarray, version 2; AAL,
Aleuria aurantia lectin; RCA-I, Ricinus communis agglutinin-l; ECL,
Erythrina cristagalli lectin; UEA-I, Ulex europaeus agglutinin-I; GST,
glutathione S-transferase; LNnT, GalB1-4GIcNAcB1-6Galp1-4Gic;
SNA, Sambucus nigra agglutinin.
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otic effects that promote the growth of beneficial microflora in
the intestine (14, 15), HMGs are suggested to competitively
interfere with pathogen attachment to the host cell surface by
acting as soluble decoy receptors (16-18), and such anti-
adhesive effects are often glycan specific (19). For example,
a1-2 fucosylated HMGs, which arise mainly from individuals
that are Secretor(+), were observed to prevent the adherence
of Campylobacter jejuni to epithelial cells (20) and were asso-
ciated with protection against diarrhea caused by Campylo-
bacter, caliciviruses, and Escherichia coli toxin in breastfed
infants (21-23). Sialylated HMGs were exclusive receptors for
influenza viruses (24-26) and showed a capacity to inhibit
cholera toxin B (27), Vibrio cholera (28), enterotoxigenic
E. coli, and uropathogenic E. coli strains (29, 30). It was also
proposed that HMGs might serve as anti-inflammatory com-
ponents and thus contribute to the lower incidence of necro-
tizing enterocolitis in breastfed infants. This idea is supported
by the observations that the acidic fraction of HMG inhibits
leukocyte rolling, adhesion, and activation (31) and disialyl-
lacto-N-tetraose prevents necrotizing enterocolitis in neonatal
rats (32). Furthermore, a variety of cytoprotective activities of
HMGs have been reported against Clostridium difficile toxins
(83), Helicobacter pylori (34, 35), Streptococcus pneumonia
(36), Entamoeba histolytica (37), and HIV-1-gp120 (38). Al-
though the numerous in vitro and in vivo data provide impor-
tant information about the function of HMGs, these studies
have typically used HMG fraction mixtures or a small panel of
defined HMGs, and therefore the bioactive HMGs were not or
poorly identified.

In order to better understand the interactions of HMGs with
various microorganisms, it is necessary to examine the entire
milk metaglycome and identify the specific bioactive compo-
nents, which is not possible via traditional methods that
mainly focus on compositional analysis of HMGs (39). To find
an efficient route for establishing the function—structure rela-
tionship of HMGs, we applied a “shotgun glycomics” ap-
proach to generate a shotgun glycan microarray (SGM) from
isolated human milk glycans of a Lewis-positive, non-secretor
individual (25, 40). The functional recognition studies, along
with metadata-assisted glycan sequencing (MAGS), revealed
novel epitopes/receptors for anti-TRA-1 antibodies, influenza
viruses, and minute viruses of mice. Our work represented the
first natural glycan microarray of HMGs containing over 100
glycans. Notably, the antibody binding data showed a lack of
al,2-fucosylated HMGs on this SGM, confirming that the
donor was a non-secretor (41, 42).

Here we describe our studies in which we prepared a SGM
containing over 200 isolated HMG targets from pooled human
milk of mixed Lewis and Secretor phenotypes and investi-
gated the binding of rotavirus (RV) cell attachment protein to
them. Human RVs are the leading cause of severe gastroen-
teritis in children, responsible for an estimated 453,000 deaths
each year worldwide (43). As with many other pathogens, RV
infection is initiated by the interaction with specific cellular

glycans. The VP8* domain of the RV outer capsid spike pro-
tein VP4 mediates this process (44), but the identity of VP8*
receptors is quite controversial. It was believed that VP8*
recognized either terminal sialic acid or internal sialic acid,
mainly based on crystallographic and NMR studies (45-48).
However, recently a human strain (HAL1166) with a P[14] VP8*
was found to bind to A-type histo-blood group antigen (49), a
neonatal strain with a P[11] VP8* bound to type 2 precursor
glycans (50), and several other P types recognized secretor-
related antigens Lewis b and H type 1 (51). These studies
indicate that sialic acid might not be required by all RVs and
that the glycan receptors are genotype-dependent. The infec-
tivity of a porcine RV was inhibited by sialyl HMGs in vitro (52);
however, there are limited data on human RVs. Here, we
demonstrate that the VP8* of two different human neonatal
RVs and an additional bovine strain bound to HMGs inde-
pendent of sialic acid and that each VP8* demonstrated a
unique glycan-binding specificity.

EXPERIMENTAL PROCEDURES

Materials—All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO) and used without further purification unless otherwise
indicated. HPLC solvents were purchased from Thermo Fisher Sci-
entific (Waltham, MA). Free reducing glycans used as standards were
obtained from Sigma-Aldrich and V-LABS, Inc. (Covington, LA). 2-A-
mino-N-(2-aminoethyl)benzamide (AEAB) was synthesized in the lab.
Human milk samples were obtained from the Mothers Milk Bank
(Austin, TX). Biotinylated lectins were from Vector Labs (Burlingame,
CA). Cyanine 5- and Alexa488-labeled Streptavidin, as well as
Alexa488- and Alexa633-labeled secondary antibodies, were from
Invitrogen (Grand Island, NY). Neuraminidase (Arthrobacter ureafa-
ciens), a1-2 fucosidase, p1-3 galactosidase, and Jack bean B-ga-
lactosidase were from Roche Applied Science (Indianapolis, IN),
Megazyme (Wicklow, Ireland), New England BiolLabs (Ipswich, MA),
and ProZyme (Hayward, CA), respectively. Endo-B-galactosidase
from Bacteroides fragilis was purchased from Roche Applied Science
GmbH (Germany). Mouse monoclonal antibodies against blood group
H1 antigen [17-206] (ab3355), Lewis a (Le®) blood group [7LE]
(ab3967), and Lewis b (Le®) blood group [2-25LE] (ab3968) were
purchased from Abcam (Cambridge, MA). Anti-CD15 clone W6D3
(Lewis x, Le*) antibody and mouse anti-CD15s (CSLEX1) antibody
against Sialyl-Lewis x (SLe*) were obtained from BD Biosciences (San
Jose, CA). Anti-type-1 chain antibody (clone 6A7) and anti-Lewis y
(Le”) antibody (clone UoN30) were kind gifts from Dr. Irving Weissman
(Stanford University, Stanford, CA) and Dr. lan Spendlove (The Uni-
versity of Nottingham, Nottingham, England), respectively. An anti-
Le* antibody (IgM -clone 5F1) was developed as a monoclonal anti-
body through production of a hybridoma from spleens of mice that
had been infected with Schistosoma mansoni, using methods de-
scribed previously (53). Carbograph SPE column was purchased from
Grace Davison Discovery Sciences (Deerfield, IL). Sephadex G-25
resin was from GE Healthcare (Cleveland, OH). Whatman DEAE-
cellulose (DEAE-52) resin and Biogel P-10 fine gel were from Sigma-
Aldrich and Bio-Rad (Hercules, CA), respectively. N-Hydroxysuccin-
imide-activated NEXTERION® Slide H slides were purchased from
Schott North America (Louisville, KY).

Isolation of Human Milk Glycans for Lewis Blood Group Analy-
sis—To evaluate the Lewis Blood Group antigens in samples from 10
individual donors, free glycan fractions were prepared using an ad-
aptation of a previously reported protocol (54). An aliquot (5 ml) of
each milk sample was centrifuged at 4,000 rpm for 30 min to remove
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the fat. The solution phase was extracted with 4 volumes of chloro-
form-methanol (2:1, v/v) and centrifuged at 4,000 rpm for 30 min. The
upper layer was collected and concentrated to 2 ml by a SpeedVac
concentrator (Thermo Scientific), and this was followed by ethanol
precipitation (2 volumes) at 4 °C overnight. The bulk of proteins and
the lactose were removed after centrifugation, and the clear super-
natant was freeze-dried. The crude HMGs were then fractionated into
neutral and acidic glycans using a Carbograph SPE column (150 mg)
as described previously (54). The neutral glycans that presumably
contained the Lewis Blood Group determinants were conjugated with
AEAB as described (25), and the excess AEAB was removed by a
BioBasic SEC-60 column (7.8 X 150 mm, Thermo Scientific). The final
products were quantified by fluorescence and printed in replicates of
n = 4 at a concentration of 200 um.

Isolation and Fractionation of Human Milk Glycans—The isolation
and fractionation of HMGs followed our published procedures, with
some modifications (25). Human milk (1 | comprising 100-ml samples
from 10 different donors) was defatted via centrifugation at 6,000 X g
for 30 min (4 °C). The skimmed milk was filtered through glass wool,
mixed with 2 volumes of ethanol, and allowed to stand at 4 °C
overnight to precipitate the bulk of the lactose and proteins. After
centrifugation, the supernatant was concentrated via rotary evapora-
tion (BUCHI, Flawil, Switzerland) and left at 4 °C for 2 days to allow
the lactose to precipitate further, and the lactose was then removed
via filtration. The clarified crude glycans were fractionated on a col-
umn (6 X 100 cm) of Sephadex G-25 using water as the mobile
phase. Eluents were monitored for hexose using phenol-sulfuric acid
assay, and the fractions containing glycans larger than lactose were
then pooled and applied to a column (2 X 15 cm) of DEAE-cellulose
equilibrated with 2 mm pyridine acetate, yielding neutral, monosialyl,
and disialyl fractions through sequential elution with 2 mm, 20 mwm,
and 200 mwm pyridine acetate, respectively (55). The resulting fractions
were lyophilized and conjugated with AEAB. Next, the three HMG
fractions were further fractionated on a Biogel P-10 fine column (2 X
170 cm) into 14 fractions: 4 neutral fractions, 3 monosialyl fractions,
3 disialyl fractions, and 4 low-molecular-weight sialyl fractions. All of
the sialyl materials and part of the neutral materials were subjected to
HPLC separation.

Purification of HMGs via High-performance Liquid Chromatogra-
phy—For multidimensional HPLC purification of HMGs, we used a
Shimadzu CBM-20A system coupled with an SPD-20A UV detector
and an RF-10AXL fluorescence detector. For the first-dimensional
purification, the 14 HMG fractions were separated via normal phase
HPLC on a Zorbax NH, column (250 X 9.4 mm, Agilent, Santa Clara,
CA). The mobile phase contained acetonitrile and ammonium acetate,
pH 4.5, in water, and linear gradients were optimized for neutral and
acidic fractions. The effluents were monitored by UV absorption at
330 nm and/or fluorescence at 420 nm with excitation 330 nm, and
fractions were collected every minute. For the second-dimensional
purification, the normal phase fractions were pooled based on the
elution profile and further purified via reversed phase HPLC on a
porous graphitic carbon (Hypercarb) column (150 X 4.6 mm, Thermo
Scientific) using gradients of acetonitrile/water containing 0.1% triflu-
oroacetic acid as the mobile phase. Individual peaks were collected
and characterized by an Ultraflex-Il MALDI-TOF/TOF mass spectrom-
etry system (Bruker Daltonics, Billerica, MA). Fractions containing
more than one composition based on the molecular ion were further
re-purified on the porous graphitic carbon column in an optimized
gradient. The resulting collection of glycans comprised the HMG-
tagged glycan library (TGL) of 247 individual glycan targets having
common compositions. Lactose-AEAB was used as the standard for
the quantification of the AEAB derivatives.

Printing of the Human Milk SGM and Binding Assays— Printing of
the HM-SGM, binding assays, and data analysis have been described

previously (25, 56, 57). The glycans were printed on N-hydroxysuc-
cinimide-activated slides as four arrays of 247 glycans plus 13 con-
trols in replicates of four with a piezorray printer (PerkinElmer Life
Sciences, Waltham, MA). This unique SGM was designated HM-
SGM-v2. Glycan-binding proteins at various concentrations were ap-
plied to separate subarrays in 250 ul of binding buffer (20 mm Tris-
HCI, 150 mm NaCl, 0.2 mm CaCl,, and 0.2 mm MgCl,, pH 7.4,
containing 1% BSA and 0.05% Tween-20) in the wells formed on the
slide with a silicone grid (four wells per slide). After incubation for 1 h
at room temperature, the wells were washed with wash buffer (20 mm
Tris-HCI, 150 mm NaCl, 0.2 mm CaCl,, and 0.2 mm MgCl,, pH 7.4,
containing 0.05% Tween-20), and lectins were detected with cya-
nine5- (0.5 pg/ml) or Alexa488-labeled streptavidin (5 wg/ml) in the
same binding buffer. Anti-carbohydrate monoclonal antibodies were
detected using Alexa633- or Alexa488-labeled goat anti-mouse IgG (5
ng/ml). After washing to remove excess reagent, the fluorescence of
bound protein was determined using a ProScanArray Scanner
(PerkinElmer Life Sciences) equipped with four lasers covering an
excitation range from 488 to 633 nm. The data were analyzed with the
ScanArray Express software (PerkinElmer Life Sciences) and reported
as a histogram of relative fluorescence units versus print identification
number that identified the glycan target.

Preparation of GST-tagged RV Viral Protein VP8*—The gene
sequences of VP8* (amino acids 64-225) of neonatal strains
N155(G10P[11]) and RV3(G3P[6]) and bovine strain B223(G10P[11])
of RVs were synthesized (Epoch Life Science, Sugarland, TX) and
cloned into expression vector pGEX-2T (GE Healthcare). The recom-
binant N-terminal GST-tagged VP8*s were expressed in E. coli BL21
(DES3) (Novagen, Madison, WI) and purified using Thermo Scientific
Pierce glutathione agarose. The GST-VP8*s were concentrated using
Spin-X UF 20 centrifugal concentrators (Corning, Corning, NY) and
further purified via size exclusion chromatography on a High Load
16/60 Superdex 200 (GE Healthcare) column with 10 mm Tris, pH 7.4,
100 mm NaCl at 4 °C. The concentration of purified GST-VP8* was
determined by measuring absorbance at 280 nm and using absorp-
tion coefficients of 76,270 M~' cm~" (N155), 73,000 M~ cm~ " (RV3),
and 73,830 M~' cm™" (B223), calculated using Vector NTI 11 soft-
ware (Invitrogen).

Identification of HMGs That Bind RV Attachment Proteins—The
GST-tagged RV attachment proteins were applied to the HM-SGM-v2
at different concentrations in 250 ul of binding buffer, incubated, and
processed as described above in the wells formed on the slide with
the silicon grid (four wells per slide). After washing, the bound protein
was detected using Alexa488-labeled anti-GST antibody.

Structural Analysis of Selected HMGs via MAGS—Based on the
binding of the GST-tagged RV attachment proteins to HMGs on the
HM-SGM-v2, 32 fractions were selected and printed in replicates of
n = 4 on a slide comprising 14 individual subarrays that were sepa-
rated into individual wells for analysis using a silicon grid. This RV-
MAGS microarray comprised the 32 selected glycans, 12 defined milk
glycans, 2 related structures obtained from the Consortium for Func-
tional Glycomics (CFG), a biotin control, and a buffer control. The
subarrays were interrogated with lectins and antibodies with defined
specificities as described. Further, exoglycosidase digestions were
performed on the array, and selected lectins/antibodies were assayed
to detect the loss of terminal residues. The on-array exoglycosidase
digestions were carried out at 37 °C in buffers recommended by the
suppliers of the enzymes. After rehydration in the digestion buffer for
5 min, 70 ul of reaction mixture was added to each well, and the slide
was incubated at 37 °C in a humidified chamber. Reaction conditions
were optimized for each exoglycosidase and are listed in supplemen-
tal Table S1. The logic used to predict structures based on lectin/
antibody binding before and after glycosidase digestions is summa-
rized in the supplemental material for each of the 32 glycans printed
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anti-Lea antibody (1 pg/ml)
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Fic. 1. Lewis blood groups detected in 10 human milk samples by glycan microarray analysis. The neutral HMG mixtures from 10
human milk samples were printed on NHS-activated slides at 200 um as quantified by total fluorescence using LNNnT-AEAB as a standard. Four
defined AEAB-labeled glycans were printed at 100 um to serve as controls: Le?, GalB1-3(Fuca1-4)GlcNAcB1-3Galp1-4Glc; H1, Fucal-
2GalB1-3GIcNAcp1-3Galp1-4Gic; Le®, Fucal-2GalB1-3(Fuca1-4)GIcNAcB1-3GalB1-4Glc; and LNT, Galg1-3GIcNAcB1-3GalB1-4Glc. The
array was assayed with anti-Le? antibody (1 pg/ml), anti-H type 1 antibody (1:10 dilution), and anti-Le® antibody (10 ug/ml).

on the RV-MAGS microarray. In order to confirm the structures of
HMGs determined by antibody/lectin binding, or in some cases to
complete the analyses because of the unavailability of a defined
glycan binding protein with appropriate specificity, we carried out
MS" analyses on 28 of the 32 glycans, and a companion report?
presents the details of these structural analyses.

RESULTS

Binding of RV Cell Attachment Proteins to the CFG Defined
Glycan Microarray— Glycan microarrays are a unique tool for
rapidly identifying possible receptors for pathogen attach-
ment (58, 59). A variety of viral proteins or whole viruses,
including several RV VP8*s, have been analyzed on glycan
arrays, which provided important information to direct biolog-
ical and structural studies. The VP8*s of N155 and B223 have
been analyzed on the CFG defined glycan microarray (50, 60),
which contains a wide assortment of glycans, including N-
glycans, but is not useful for identifying HMGs that bind to
viruses, because the CFG microarray contains only a few of
the simple HMGs. Nevertheless, we analyzed the VP8* RV3 on
the CFG version 5.0 array at several concentrations (supple-
mental Fig. S1) and compared the differences in specificity of
these proteins for the polylactosamine structures presented
on the CFG array in supplemental Table S2. On the CFG array,
all three VP8" domains bind predominantly to bi- and
tri-antennary N-glycans with extended polylactosamines
(LacNAc, to LacNAcg). Each VP8* domain bound to unique
polylactosamine structures. The VP8* from bovine strain B233
bound only polylactosamines that terminated in a type 2
LacNAc, whereas the related human-bovine reassortant strain
N155 bound the same type 2-terminating polylactosamines
as strain B233 but also bound polylactosamines terminating
in GIcNAcB1-3Gal, suggesting that this protein may bind

2 David J. Ashline, Ying Yu, Yi Lasanajak, Xuezheng Song, Liya Hu,
Sasirekha Ramani, Venkataram Prasad, Mary K. Estes, Richard D.
Cummings, David F. Smith, and Vernon N. Reinhold.

internal sequences of polylactosamine. The VP8* from the
human strain RV3 bound not only polylactosamines having a
terminal GlcNAcB1-3Gal, but also a variety of shorter glycans
with terminal B-linked GIcNAc and type 1 LacNAc (Galp1-
3GIcNAc). Although it is interesting that the different VP8*
domains could distinguish different synthetic polylactosamine
structures, the significance of these observations is not
known, because little is known about the quantitative expres-
sion, occurrence, or distribution of such multiantennary N-
glycans with extended polylactosamine. Because the CFG
array possesses only a few glycans related to the HMGs, we
developed a human milk shotgun glycan microarray to ex-
plore in more detail the recognition of glycans by RV VP8*
domains.

Preparation and Characterization of Human Milk Shotgun
Glycan Microarray (HM-SGM-v2)—Because information on
the Lewis blood types of the donors was not available, the
AEAB derivatives of neutral glycans from 5 ml of each of 10
milk samples were printed as a microarray and assayed with
antibodies specific for the H-type 1, Le®, and Le® epitopes
(Fig. 1). The large variations in the relative amounts of these
determinants observed among the 10 milk samples are con-
sistent with previous observations (61) that concentrations of
individual free glycans in breast milk vary with respect to
donors and lactation stages. The fact that all of the determi-
nants related to the Lewis blood groups were represented
among the 10 individual samples indicated that the pooled
sample (1 I) was representative of the human milk free glycan
glycome. The human milk shotgun glycan microarray reported
previously was from a single non-secretor individual and
lacked a1-2-linked fucose (25).

One liter of pooled milk was processed through multidimen-
sional HPLC as summarized in supplemental Fig. S2. The
resulting TGL is summarized in supplemental Table S3 and
lists the 247 isolated HMG targets, the amounts obtained,
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intact masses as determined via MALDI-TOF analysis, and the
predicted compositions expressed as molar ratios of H =
hexose (Glc or Gal), n = HexNAc (GIcNAc), F = 2-deoxy-
hexose (Fuc), and S = sialic acid (N-acetylneuraminic acid). It
should be noted that the amount of each fraction represents
the amount obtained and not the amount existing in the
human milk. The TGL (247 glycan targets) was printed as a
shotgun glycan microarray with known standards identified as
HMG-1 through HMG-260 (print I.D. numbers 1 through 260).
The array comprised 96 uncharged components (39% of the
total 247 target glycans) corresponding to print I.D. numbers
1-96, where the targets with print I.D. numbers 89 to 96 were
high-molecular-weight (>2,200 Da), mixed, neutral glycans.
The TGL generated 111 monosialylated glycan targets (45%
of the total 247 target glycans) corresponding to print I.D.
numbers 97 to 207; the bulk of the targets possessed a single
mass, with only 8 targets having two or three different
masses. The disialylated glycan targets corresponded to print
[.D. numbers 208 to 234. These 27 targets (11% of the total
247 target glycans) were confirmed as disialylated glycans
based on their compositions as determined by MALDI analy-
sis, and the majority of this class presented a single mass.
Finally, we included 13 unresolved fractions of sialylated
glycans that were primarily monosialyl glycans correspond-
ing to print I.D. numbers 235 to 247. The size of purified
glycans ranged from 2 residues (2 Hex, 506.23[M+H]) up to
14 residues (H6N4F4, 2573.85[M+Na]) with higher molecu-
lar masses up to ~4,000 that were observed in the unre-
solved mixtures. The unresolved fractions of neutral and
sialylated glycans were not present in sufficient quantity for
further purification.

To demonstrate the utility of the HM-SGM-v2 and collect
metadata on the individual structures, we interrogated the
array with eight biotinylated lectins. No binding was observed
with Concanavalin A, Vicia villosa lectin, and Maackia amuren-
sis lectin I, which recognize mannose (62), terminal GalNAc
(63), and terminal Neu5Aca2-3GalpB1-4GIcNAc (64), respec-
tively. These observations are consistent with the literature
and our previous observations (6-9, 25) on the lectin speci-
ficities and the absence or extremely low abundance of man-
nose, GalNAc, and the Neu5Aca2-3GalB1-4GIcNAc determi-
nant in human milk free glycans. The other five biotinylated
lectins, Aleuria aurantia lectin (AAL), Ricinus communis agglu-
tinin-I (RCA-Il), Erythrina cristagalli lectin (ECL), Sambucus
nigra agglutinin (SNA), and Ulex europaeus agglutinin-I (UEA-
), and nine anti-carbohydrate antibodies against various Lew-
is- and Secretor-related antigens were tested on the HM-
SGM-v2. The results of these analyses are shown in Fig. 2,
Fig. 3, and supplemental Table S4. Together, the lectin and
antibody results demonstrate the efficiency of printing the
glycans and provide significant structural information on the
glycans of the human milk free glycome.

Specific Lectins and Antibodies Identify Determinants of the
Human Milk Free Glycan Glycome—Approximately 193 gly-

can targets (78%), including a majority of the unresolved
mixtures, exhibited strong binding with AAL (Fig. 2A), which is
specific for a-linked fucose (65). Only five HMGs (3, 38, 39, 42,
and LDFT, a control Le¥ determinant) on the HM-SGM-v2
were recognized by UEA-I (Fig. 2B), which binds Fucal-
2GalB1-4GIcNAc (H type 2) and Fucal-2GalB1-4(Fucal-
3)GIcNAc (LeY) determinants. Examination of supplemental
Tables S3 and S4 reveals that HMG-3 was fucosylated lac-
tose (H2F1), and the UEA-I binding indicated that it must have
been the 2-fucosyllactose (2-FL, Fuca1-2GalB1-4Gic). Inter-
estingly, the other three UEA-I-binding glycans all carry mul-
tiple fucose residues (H4N2F3 for 38 and 39 and H4N2F4 for
42). The antibody binding data indicate that HMG-38 pos-
sessed H1, HMG-39 possessed Le?, and HMG-42 possessed
Le® epitopes (Figs. 3B-3D and supplemental Table S4). As
each of these three glycans was also bound by the anti-Le”
antibody (Fig. 3H), all of these minor glycans must have a
branched hexaose core (H4N2) with a common difucosylated
Le¥ determinant. Thus, we did not observe any H type 2
determinants (Fuca1-2GalB1-4GIcNAc) in the glycans other
than 2-FL (Fuca1-2GalB1-4Gic) in the pooled human milk
samples used in this study.

Three lectins that are specific for type 2 structures (Galp1-
4GIcNAc) showed that the HM-SGM-v2 was rich in type 2
glycans. Consistent with their known specificities, SNA, which
binds Neu5Aca2-6Galp1-4GIcNAc, bound to sialylated gly-
cans (66) (Fig. 2C); RCA-I, which binds Galp1-4GIcNAc and
Neu5Aca2-6GalB1-4GIcNAc (67), bound to both neutral and
sialyl HMGs; and ECL, which is specific for Galg1-4GIcNAc
over Galp1-3GIcNAc (68), primarily recognized only neutral
glycans (Figs. 2D and 2E). Conversely, the type 1 structures
(GalB1-3GIcNAc) were detected with an anti-type 1 mono-
clonal antibody that bound 33 neutral glycan targets and 36
sialylated glycan targets with signals of over 5,000 relative
fluorescence units (Fig. 3A). Although this anti-type 1 anti-
body also recognizes a1-2-fucosylated type 1 motif (H type 1,
Fuca1-2GalB1-3GIcNAc) with lower affinity, the majority of
this binding was actually to the type 1 glycans, as the anti-H
type 1 antibody only bound to 10 glycans (see below). These
observations are consistent with the reported predominance
of type 1 glycans as a feature specific to human milk (69).

Fucosylation is very common for the HMGs, and this prop-
erty is mainly the result of two fucosyltransferases that prefer
type 1 chain acceptors. FUT2 encodes the enzyme that syn-
thesizes the H type 1, and FUT3 encodes the enzyme that
synthesizes the Le® (13, 70); in combination these two en-
zymes are responsible for synthesis of the Le® epitope. It
should be noted that FUT1, which encodes the a1-2 fucosyl-
transferase responsible for H-blood group generation, does
not contribute significantly to a1-2 fucosylation of HMGs. To
reveal the Lewis- and Secretor-related structures on the HM-
SGM-v2, we interrogated the microarray with several blood-
group-related monoclonal antibodies. The monoclonal anti-
body to H type 1 bound to nine neutral glycans and one
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Fic. 2. Plant lectin binding to HM-SGM-v2. The HM-SGM-v2 was characterized with (A) AAL (1 nwg/ml), (B) UEA-I (10 wg/ml), (C) SNA (10
ug/ml), (D) RCA-I (10 ug/ml), and (E) ECL (10 wg/ml). A total of 260 samples were printed on the microarray. Glycans 1-88 are neutral glycans,
89-96 are unresolved fractions of neutral glycans, 97-207 are monosialyl glycans, 208-234 are disialyl glycans, 235-247 are unresolved
fractions of sialylated glycans, 248-259 are controls of structurally defined glycans, and 260 is biotin control. All glycans were printed at the
same concentration; however, unresolved fractions will not represent single glycans.

sialylated glycan, as well as the control Fucal-2GalB1-
3GIcNAcB1-6Galp1-4Glc (Fig. 3B). In contrast to the low
population of terminal H1 structures, the anti-Le® antibody
was bound by 31 neutral glycans and 35 sialylated glycans,
accounting for 30% of purified HMGs (Fig. 3C). In addition, 54

out of 138 purified sialylated HMGs bound the anti-SLe?/
NeuAca2-3GalB1-3GIcNAcB1-3GalB1-4Glc antibody and
may contain the SLe® moiety, because the majority of the
binders are fucosylated (Fig. 3E). Nevertheless, it is certain
that Le® is a highly abundant structure in the human milk free
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glycome. The anti-LeP antibody showed strong binding to 24
neutral glycans and 2 sialylated glycans (Fig. 3D). The rare
occurrence of a1,2-fucose in sialylated HMGs was presum-
ably due to the fact that both «1,2-fucose and sialic acid are
chain-terminating residues.

Le*- and Le’-containing HMGs were detected by interro-
gating the array with monoclonal antibodies including the
commercial anti-CD15 antibody, an anti-Le* monoclonal an-
tibody (clone 5F1) developed in our lab, and an anti-Le”
monoclonal antibody whose specificities were defined using
the CFG glycan microarray as shown in supplemental Fig. S5.
It is known that a different fucosyltransferase that is not FUT3
adds the «1-3 linked fucose on Le* and LeY structures. This
enzyme prefers the type 2 precursor and is constitutively
expressed in all milk donors (70, 71); the Le* determinant is
found to be more common in the milk of non-secretors (72).
Previously, we noticed that the widely used anti-CD15 anti-
body does not recognize all Le*-containing HMGs (25). In-
deed, it only bound to 4 glycans on the HM-SGM-v2 (Fig. 3G),
whereas the clone 5F1 anti-Le* monoclonal antibody recog-
nized more than 15 glycans (Fig. 3F), including the 4 glycans
bound by the anti-CD15 antibody. Interestingly, neither of the
anti-Le* antibodies recognized an internal Le* or Le* on a
branched type 2 determinant (GalB1-4(Fuca1-3)GIcNAcB1-
6Gal-R) as shown in supplemental Fig. S5.

In contrast to the common occurrence of the Le* structure,
the Le¥ determinant, detected with the anti-Le” antibody, was
only found on three minor glycans that were also bound by
UEA-I. The extremely low abundance of Le¥-containing HMGs
is consistent with previous observations (6-9), but there is still
no direct evidence to identify which a1,2-fucosyltransferase is
responsible for adding the a1,2-fucose on 2-FL and Le¥ de-
terminant; the FUT2 enzyme is believed to be responsible for
the H type 1 and Le® determinants in HMGs (73). Finally, we
tested the commercial anti-SLe* antibody CSLEX1 (anti-
CD15s), because HMGs were reported to affect leukocyte
rolling mediated by SLe* on PSGL-1 (31). As shown in Fig. 3/,
it is remarkable that one glycan (HMG-126) was strongly
bound by CSLEX1, suggesting that this glycan contains the
SLe* determinant. Consistent with this possibility, MS analy-
sis indicated that HMG-126 has a hexasaccharide core with
one fucose and one sialic acid. However, the abundance of
this glycan was low—we recovered only 6 nmol in our TGL—
and to our knowledge this determinant has not been conclu-
sively identified previously in human milk (6-9). Taken to-
gether, the lectin and antibody results demonstrated the
structural diversity of HM-SGM-v2 and also revealed the oc-

currence of typical determinants expected in the human milk
free glycome.

Binding of RV Cell Attachment Proteins to Human Milk
SGM-v2—We analyzed the recombinant, GST fusion-tagged
VP8* domains from the same RV strains at various concen-
trations on the HM-SGM-v2 where VP8*N155 strongly bound
to seven neutral glycans (HMG-13, -14, -18, -21, -27, -28, and
-33) at 2 ug/ml (Fig. 4A). Additional binding was observed at
higher protein concentrations (20 pwg/ml (Fig. 4B) and 200
rg/ml (Fig. 5A)), including several purified neutral glycans and
all of the unresolved high-molecular-weight neutral glycan
targets (print 1.D.s 89 to 96).

In contrast to VP8*N155, the binding of G3P[6] strain VP8*RV3
scattered over the entire array, which included 12 neutral glycans,
8 sialylated glycans, and 2 control glycans, Gal31-3GIcNAcg1-
6GalB1-4GIc and Fuca1-2GalB1-3GIcNAcB1-6Galp1-4Glc
(Fig. 4C). For RV3, increasing the protein concentration
changed the signal intensity but not the binding profile (Figs.
4D and 5D). Interestingly, no glycans were recognized by both
VP8* proteins, which raises the possibility that N155 and RV3
use completely different cell surface glycans as receptors. To
determine whether the binders for the individual VP8*s share
any common structural motif, we examined the lectin and
antibody binding data and found that most of the N155 bind-
ers were recognized by RCA-I (type 2 glycans), whereas all of
the RV3 binders were recognized by the anti-type 1 antibody
(supplemental Table S5), which is consistent with the absence
of overlap among glycan determinants recognized by N155
and RV3.

Because many human RVs were reported to recognize
internal sialic acids but not terminal sialic acid, we inspected
our metadata from defined lectin and antibody binding to the
eight sialylated RV3 binders (HMG-142, -148, -152, -154,
-164, -168, -169, and -181) seen in Figs. 4C and 4D. The
MALDI data showed that they all had an octasaccharide or
larger core structure (see supplemental Table S3 for compo-
sitions) and were all bound by the anti-type 1 antibody (sup-
plemental Table S4), suggesting that these sialylated binders
were multi-branched glycans containing at least one neutral
branch and one sialylated branch. We treated the HMG-
SGM-v2 with Arthrobacter neuraminidase, and sialic acid re-
moval was confirmed by the complete elimination of SNA
binding. Interrogation of the neuraminidase-digested array
with both VP8*N155 and VP8*RV3 indicated that about 20
new binders for each VP8* were found among the previously
sialylated glycans (compare Fig. 5A with Fig. 5B and Fig. 5D
with Fig. 5E; data compiled in supplemental Table S5). The

Fic. 3. Antibody binding to HM-SGM-v2. The HM-SGM-v2 was characterized with (A) anti-type 1 antibody (concentration unknown), (B)
anti-H type 1 antibody (1:10 dilution), (C) anti-Le® antibody (10 ug/ml), (D) anti-Le® antibody (10 ug/ml), (E) anti-SLe¥/LSTa (NeuAca2-3GalB1-
3GIcNAcB1-3Galp1-4Glc antibody, 5 ng/ml), (F) anti-Le* antibody (1:20 dilution), (G) anti-CD15 antibody (10 ng/ml), (H) anti-Le¥ antibody (50
rg/ml), and (/) anti-CSlex antibody (20 wg/ml). A total of 260 samples were printed on the microarray. Glycans 1-88 are neutral glycans, 89-96
are unresolved fractions of neutral glycans, 97-207 are monosialyl glycans, 208-234 are disialyl glycans, 235-247 are unresolved fractions of
sialylated glycans, 248-259 are controls of structurally defined glycans, and 260 is biotin control. All glycans were printed at the same
concentration; however, unresolved fractions will not represent single glycans.
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Fig. 4. Recombinant RV VP8* binding to HM-SGM-v2. The HM-SGM-v2 was screened with GST-tagged RV VP8. A, VP8*N155 (2 ug/ml); B,
VP8*N155 (20 ng/ml); C, VP8*RV3 (2 png/ml); D, VP8*RV3 (20 pg/ml); E, VP8*B223 (2 ng/ml); F, VP8*B223 (20 ng/ml). A total of 260 glycans was
printed on the microarray. Glycans 1-88 are neutral glycans, 89-96 unresolved fractions of neutral glycans, 97-207 are monosialyl glycans,
208-234 are disialyl glycans, 235-247 are unresolved fractions of sialylated glycans, 248-259 are controls of structurally defined glycans, and 260
is biotin control. All glycans were printed at the same concentration; however, unresolved fractions will not represent single glycans.
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Fic. 5. Recombinant RV VP8* binding to enzyme-treated HM-SGM-v2. The HM-SGM-v2 was treated with either neuraminidase or
a1-2-fucosidase and assayed with GST-tagged RV VP8. A, VP8*N155 (200 ug/ml); B, VP8*N155 (200 wg/ml) after the array was treated by
neuraminidase; C, VP8*N155 (200 ng/ml) after the array was treated by a1-2-fucosidase; D, VP8*RV3 (200 ng/ml); E, VP8*RV3 (200 ng/ml) after
the array was treated by neuraminidase; F, VP8*RV3 (200 wg/ml) after the array was treated by a1,2-fucosidase; G, VP8*B223 (200 ng/ml) after
the array was treated by neuraminidase. A total of 260 glycans was printed on the microarray. Glycans 1-88 are neutral glycans, 89-96 are
unresolved fractions of neutral glycans, 97-207 are monosialyl glycans, 208-234 are disialyl glycans, 235-247 are unresolved fractions of
sialylated glycans, 248-259 are controls of structurally defined glycans, and 260 is biotin control. All glycans were printed at the same
concentration; however, unresolved fractions will not represent single glycans.
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binding of the original eight sialylated RV3 binders was not
affected, despite the loss of sialic acid, providing direct evi-
dence that RV3 did not bind to the sialylated branch on the
HMGs. The gain of binding to the standards NeuAca2-
3Galp1-3GIcNAcpB1-3Galp1-4GIlc and GalB1-3(NeuAca2-
6)GIcNAcB1-3GalB1-4Gilc further indicated that the terminal
type 1 chain is one of the recognition motifs for VP8*RV3.

HMGs terminating with a1-2 fucose have been suggested
to be the receptors of various viruses. To test whether the
removal of a1-2 fucose would affect the binding of N155 and
RV3, we treated the HM-SGM-v2 array with «1-2 fucosidase.
The two VP8*s were then analyzed on the fucosidase-di-
gested array. For VP8*N155, six neutral glycans (HMG-29,
-34, -51, -56, -60, and -62) that were not binders or weak
binders (HMG-29) were strongly bound after the enzyme
treatment (compare Fig. 5A with Fig. 5C; data compiled in
supplemental Table S5), whereas the original binding glycans
were not affected. A close inspection of the new binders
revealed that all of them contained either a terminal H type 1
or a terminal Le® determinant, which could be converted to
terminal type 1 and Le® determinants, respectively, by a1-2
fucosidase digestion. For VP8*RV3, no additional binders
were revealed after a1-2 fucosidase digestion (compare
Fig. 5D with Fig. 5F; data compiled in supplemental Table
S5). Overall, these results indicated that the binding of N155
and RV3 was not Secretor-dependent.

In addition to the two human neonatal RV strains, we ana-
lyzed a bovine isolate, B223, which also belonged to the
G10[P11] genotype on the HMG-SGM-v2. At 20 pg/mli,
VP8*B223 bound to 10 neutral HMGs, one sialylated glycan
(HMG-165), and the control LNNT (Fig. 4F). Examination of the
lectin binding data (supplemental Table S4) revealed that all of
the VP8*B223 binders were RCA-I and ECL positive, which
indicated that a type 2 chain was involved in the recognition of
VP8*B223. When the protein concentration was reduced to 2
ng/ml, the binding to LNnT was no longer observed (Fig. 4E),
suggesting that Galg1-4GIcNAc (type 2 glycan) alone is not a
strong receptor for B223. Whereas VP8*RV3 did not bind to
any glycans in common with N155 and B223, the two
G10[P11] strains had some common binders at high protein
concentrations (supplemental Table S5), which is consistent
with the gene origins of two strains (supplemental Table S6)
and the overlap in specificity for polylactosamines on the CFG
glycan microarray. The removal of sialic acid by neuramini-
dase revealed more binders for B223 (Fig. 5G), but the binding
to HMG-165 was not affected (compare Fig. 4F and Fig. 5G;
data compiled in supplemental Table S5). Together with the
data from the virus binding to the CFG glycan microarray, our
results show that the bovine G10[P11] strain B223 does not
recognize any sialylated glycans in agreement with previous
observations (74).

Structural Analysis of Selected RV VP8* Binders—Interro-
gation of the HMG-SGM-v2 with lectins and antibodies pro-
vided significant structural information regarding the isolated

free milk glycome and the VP8*-bound glycans. However, in
order to identify a binding motif for these viral attachment
proteins and understand the potential role of human milk
glycans as decoy receptors for the corresponding RVs, de-
finitive structural analysis was required. We retrieved 32
HMGs or glycan targets from the TGL in order to determine
their structures via MAGS, as reported previously (25, 75). The
32 HMGs included 7 glycans bound by VP8*N155 (HMG-13,
-14, -18, -21, -27, -28, and -33), 4 glycans bound by
VP8*N155 after they were treated by «1,2-fucosidase diges-
tion (HMG-29, -34, -51, and -60), 11 glycans bound by
VP8*RV3 (HMG-5, -8, -37, -41, -48, -49, -55, -56, -62, -69,
and -76), and 10 glycans bound by VP8*B223 (HMG-16, -20,
-23, -31, -45, -47, -54, -65, -66, and -67). Only neutral RV
binders were selected, because our neuraminidase digestion
showed that sialic acid was not involved in the binding. It
should be noted that five of the B223 binders, HMG-45, -47,
-65, -66, and -67, are also bound by VP8*N155 at high protein
concentrations. The HPLC profile and MALDI spectra of the
32 glycans are shown in supplemental Fig. S3. These selected
glycan targets were printed on a separate RV-MAGS array
along with 14 structurally defined control glycans. The 14
controls, whose structures are shown in supplemental Fig. S4,
are defined neutral glycans of human milk. Binding to these
glycans was used to monitor the behaviors of reagents and to
direct the structural predictions.

Because some of the 14 controls were not included in the
HM-SGM-v2 array, the RV-MAGS array was first interrogated
with the five lectins (AAL, RCA-I, ECL, UEA-I, and Griffonia
simplicifolia 1) and six monoclonal antibodies (anti-type 1,
-H1, -Le?, -LeP, -Le*, and -CD15). These binding data were
used to assign non-reducing terminal determinants (Table I,
supplemental Table S7). Next, the RV-MAGS array was
treated with three linkage-specific B-galactosidases and one
a-1,2-fucosidase. The binding of G. simplicifolia Il after treat-
ment with specific 1,3- and pB1,4-galactosidase provided
additional evidence of type 1 and type 2 termini in addition to
ECL and anti-type 1 antibody binding. The endo-31,4-galac-
tosidase cleaved internal B1,4-linkage, exposing terminal
GIcNAc that was detected by G. simplicifolia 1l and was par-
ticularly helpful in defining linear structures. The a1-2-fucosi-
dase-treated array was tested with anti-Le® antibody to verify
that the Le® determinant was indeed converted to the Le?
determinant by this enzyme, because a group of unknowns
were VP8* N155 binders only after a1-2 fucosidase digestion.
Finally, all of the collected binding data were combined with
MS data to predict the structures of the 32 unknown glycan
targets. It was not difficult to resolve the structure of glycans
with a tetrasaccharide (H3N1, 1 LacNAc + 1 Lac) or hexasa-
ccharide (H4N2, 2 LacNAc + 1 Lac) core. However, for the
octasaccharides (H5N3, 3 LacNAc + 1 Lac) or larger glycans
(H6N4, 4 LacNAc + 1 Lac), it was not possible to define all of
the branches and the linkages based on the binding data
before and after glycosidase digestions. Thus, to confirm or
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TABLE |
Heat map of lectin and antibody binding data for structural analysis
A heatmap summary of the binding data from analyses of the RV-MAGS subarray with different lectins and anti-carbohydrate antibodies at
indicated concentration. A total of 46 glycans were printed on this array, including 14 control glycans and 32 selected RV VP8* binders. The
color-coded numbers highlight the binding intensity (the darker the color, the higher the binding intensity). The untreated RV-MAGS slides were
tested with 5 lectins and 6 antibodies. The slides treated with p1-3 galactosidase (81-3 galse) and B1-4 galactosidase (31-4 galse) were
tested with GSL-II. The slide treated with a1-2-fucosidase (a1,2-fucase) was assayed with anti-Lea antibody.

GSL-II + GSL-II+ GSL-Il + nt anti-Lea +
Chart » AAL RCA-l ECL UEA- | GSL-Il 81,3 B14- |endop14- tape 4 | ant-H1 [ ant-lea | o«12- | anti-leb | ant-Lex | CD15
D Sample |composition galse galse galse v fucase
0.1 ug/mi| 1 pg/iml | 1 pg/ml | 10 pyg/ml | 1 pg/ml | 10 pg/mi | 10 ug/mi | 10 pg/ml | 10 pg/iml | 10 pg/ml | 10 ug/ml | unknow 1100 1 pg/ml 1 pg/ml 1 pg/ml 1120 | 10 pgiml

1 HMG-5 H3N1 53 31 -287 17117 -135 -125 -75 24 5530 17 -37 48725 23 16 53 23 6 20
2 | AvG8 HANTF1 5532 48524 213 247 85 G 525 75 44 E] F3) 38083 50046 B 2% 9 9 20
3| AvG-13 HANZ [ £ 336 4749 57 3 44 2 13217 25 5019 58148 14 El £ 75 405 53
4| AMG-14 HANZ 3 54 44252 58048 4051 54493 140 10 2 26491 8100 886 2 75 7 a2 B 23
5 | AMG-16 HaNZ 51 276 43036 59366 71027 54940 232 2 g 11330 -19 1017 87 2 16 8 7 5
5| AvG-18 HaNZ 4 345 44137 61367 5125 55174 08 3 3 21688 7558 ~1200 M 7 2 19 5 493
7 HMG-20 HAN2F1 24433 46587 25492 57089 6249 44221 20 6 19 4136 -51 -2217 25 12 15 39 668 77
8 | AMG-21 HANZFT 47921 58374 <499 20249 240 2036 258 21 13 21 3940 2119 53 46980 43107 618 58550 | 27880 |
9| AMG23 HANZF T 11215 48300 | ABB6 | 59780 2484 49087 186 2 203 33853 57 1660 84 19 19 0 B 29
10| AMG27 HANZ 54 764 150 16242 73 194 716 2 14304 1278 7704 59241 7 705 37 E] 3 337
1| AvG28 HANZF1 51112 57071 508 B 555 573 373 w 4 24 4346 3240 737 50621 57125 7186 40887 7990
12| ANG29 HANZF1 32303 51632 58 750 80 321 8 3 7 7 31 43491 61021 10 41 2 15 27
13| HMG31 HANZF 1 9150 47300 | 16061 | 56430 2013 39502 136 2 222 20781 119 11847 13 13 2 5 7 19
14 HMG-33 HEN3 02| 3224 769 36045 -31 -168 -125 16 19247 1143 47 56144 1" 166 20 26 5 171
5| AMG-34 HNZF2 28084 51403 296 2 EE 65 75 376 1091 7468 2300 212 9 0 53041 5 &
6| AMGaT HNZFZ 7505 51152 16 7736 202 418 205 2 el 1 25 21681 54200 337 642 24 3 25
17| AMG41 HGNGF1 11359 42159 767 3443 217 764 334 24 29621 1750 2 42355 14 572 34 4 7 56
18_| HMG-45 H5N3 205 734 53668 56205 13451 54852 139 48 2 25798 53 4352 27 B 7 7 2 &
19| HMG47 HENGF 1 5905 42742 47861 58114 8914 49862 207 3 20 38241 B 3547 2 17 4 9 7 4
20 HMG-48 HSN3F1 8856 46157 % 58409 1154 36734 -147 4 26273 7657 47 45503 29 80 4 10 [] 19
21| ANG49 HBNGF1 4143 40251 4062 48961 =58 3175 395 4 32428 2330 43 40024 3 780 2 = 9 T
22| AMG51 HENGF 1 32353 53504 5341 51204 822 35734 B EJ 721 300 76 3036 2626 51415 31706 762 3 105
23 HMG-54 HSN3F2 30618 56608 37502 59808 2747 48940 -234 £ 45 38264 -86 -3004 32 51 30 26 10 21
24 HMG-55 H5N3F2 40144 54137 420 30063 -151 -177 -143 5 15001 1992 -27 28259 17 42144 20088 1530 9 29
25 | AMG56 HENGF2 24358 48964 388 2050 326 180 Z32 7 5062 25 02 19381 71 8 2514 6640 0 B
2 | AMG-60 HGNGF2 25084 51145 =01 7722 302 3420 360 [0 51 £ 51 3574 40046 375 25625 3 3
27_| HAMG62 HGN3F2 13850 50614 303 7244 316 256 B9 2 7345 594 Kl 10165 36602 416 22683 24680 7 8
28| HMG65 HGNA 29805 49334 40171 50040 3031 34791 92 4 1621 11275 Bl 39758 34 4879 1284 5 2 240
29| HMG-66 HGNA 581 12703 52316 56437 15332 54614 187 10 2 34030 53 7178 14 9 %241 2 5 a1
30 HMG-67 HENd 452 18426 53737 61109 5263 53055 -400 26 10320 12170 -79 15003 367 462 20 14 8 92
31| HMG-89 HEN3F3 20946 50675 303 31543 220 95 160 163 9149 3001 1849 8163 2 3997 27191 |QNOSR| 3160 | 7iez |
32| AMG-76 HENAF2 19911 51042 8296 56377 216 71521 22 0 43980 8317 58 71078 21 763 37 373 4 21
33| Agal INT H2NT %0 a7 285 =88 512 243 283 2178 1078 6556 28 327 27 3 2 u i 27
£ INT HaNT 29 303 296 9464 577 356 £ 4 7153 2 21 42285 15 3 6 3 5 2
3 | NaT HaNT 61 503 3184 59380 4981 45072 452 4 2 1816 37 4456 78 7 126 W 5 14
36 LNH HAN2 27 -508 45747 60272 2137 45999 62 16 8679 1907 40 51497 32 23 13 19 0 92
37 LNnH HAN2 3 -167 48806 60441 15748 53210 -212 6 3 16930 -68 -1452 5 10 40 7 7 82
38 _|NFPI(H1)| HBNTFT 6390 44164 354 555 283 EED 306 0 z 21 0 2453 40081 76 9 5% 9 5
30 |NFPil{Lea|  HINTF1 33827 52996 204 375 221 EE 105 9 3 iz a1 =949 7 21887 20512 304 881 a4

LNFPII HINTF1 43838 61007 353 576 124 -160 943 2 0 14 25 869 37 2 9 62 65482 | 51346 |
a1 | NPV HANTF1 49024 58086 =56 533 8548 53825 58500 2z 24 73 80 543 21 3 3 2 25 37
42 | NPV HINTFT 48947 58190 246 9762 299 173 37 5 12261 9 28 28178 27 2% 72 2 0 2
43 | LDFT (Ley) H2F2 50219 60873 -452 -290 -57 -215 46820 7 13 14 -19 -3104 10 23 36 13 6 20
44 LNDFHI H3N1F2 23130 47868 -115 -203 -84 -147 -71 551 1027 1494 2125 -403 16 12 27773 - 10 27
45 | LeyLlex HINTF3 40682 54507 40 45 =25 EiF 7655 E3 37 75 £ 1920 B 3 15 8 Tat7 341
46 | DFLNH HINZF2 35630 52256 426 586 26 =30 205 3 75 3 S 8506 T3t 4 74 3 EJ 773
a7 | Botn a764 5981 8002 5803 7288 4298 5115 01 7130 291 1279 2466 15 7 4 2 0 253
48 PBS 77 185 3 228 55 73 149 F3 21 E) £ 1838 2 2 F3 2 4 10

complete the structural analyses of the RV binding glycans,
28 glycan targets were retrieved from the TGL and analyzed
via MS". Based on all of the metadata, including binding data
and MS" analyses of aliquots of material from the TGL, we
predicted the structures of all 32 unknown HMGs that bound
RV VP8* domains, and a detailed description of the logic used
to predict the structure of each glycan is shown in the sup-
plemental material. The detailed MS" analyses of 32 AEAB
derivatives of selected HMGs are discussed in a separate
companion manuscript.? Six glycan pairs were found to be
identical (HMG-13 and -27, HMG-14 and -18, and HMG-41
and -49) or to contain the same structures (HMG-21 and -28,
HMG-23 and -31, and HMG-65 and -67). This was due to
overlap of fractions during the two-dimensional HPLC. In
addition, several target glycans comprised contaminating iso-
meric structures, which are also described in the supplemen-
tal material and in detail in the companion manuscript.? The
major components that were relevant to the interactions and
possessed a common motif corresponding to the three dif-
ferent VP8* proteins are shown in Fig. 6. Interestingly, among
the 32 glycan targets analyzed (see the supplemental mate-

rial), we identified 40 structures, and 21 novel glycans that had
not been previously described as free glycans in human milk
based on the structures reported in recent reviews on milk
glycan structures (6-9, 76). The results of structural analyses
demonstrate that glycans bound by specific RV VP8* domains
possess distinct determinants, highlighted in Fig. 6, that are
likely to be important in these protein—glycan interactions.

DISCUSSION

We analyzed VP8* domains from three strains of RV with
different clinical characteristics (supplemental Table S6) for
binding on HM-SGM-v2. Human N155 belongs to the
G10P[11] genotype and has been associated with a high
incidence of gastrointestinal symptoms and asymptomatic
infections in neonates in India (77-80). RV3 belongs to the
G3P[6] genotype, associated with asymptomatic infections in
neonates and found to be protective against subsequent se-
vere gastroenteritis in these infants (81). Bovine RV B223 also
belongs to the G10P[11] genotype (82) and has been de-
scribed as a common cause of diarrhea in cattle (83—-86). The
human G10P[11] isolates are naturally occurring bovine-hu-
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A. B. C D. VP8*B223 binders
VP8*N155 binders VP8*N155 binders VP8*RV3 binders
after a1-2 fucosidase HMG-16 HMG-20
B4, B4,
HMG-41 O 86 O 86

@O B A

Glc Gal GIcNAc Fuc

Fic. 6. The predicted structures of 32 selected human milk glycans. The 32 selected HMGs include (A) seven glycan targets identified
as VP8*N155 binders, (B) four glycan targets identified as VP8*N155 binders after treated by a1,2-fucosidase, (C) nine glycan targets identified
as VP8*RV3 binders, and (D) 10 glycan targets identified as VP8*B223 binders. The structures shown are based on the predominant structure(s)
in each glycan target determined using the metadata (lectin and antibody binding and tandem MS analysis) available on each.

man reassortants and share a high degree of identity with the
bovine G10[P11] isolates in their VP4 gene (50, 87). Studies on
P[11] RVs and RV3 are important in the context of their public
health impact and vaccine development (88).

We show that the three RV VP8* domains interacted with
specific glycans in human milk and that the recognition was
restricted to distinct structural sets of HMGs. Our detailed
structural analyses on selected VP8*-binding glycans re-
vealed common features they each share for recognition by a
specific VP8*. Analysis of the seven glycan targets that bound
VP8*N155 with high affinity (2 wg/ml) resulted in the identifi-
cation of five glycan structures (Fig. 6A). HMG-21 and -28
were mixtures of the same two isomers. HMG-13 and -27
were both para-Lacto-N-hexaose, and HMG-14 and -18 were
both para-Lacto-N-neohexaose, whereas HMG-33 was a
branched octaose. The non-reducing terminal LacNAc in all of
the linear VP8*N155-binding glycans can be type 1 (HMG-13/
27), type 2 (HMG-14/18), Le?, or Le* (HMG-21/28). The other
VP8*N155 binder, HMG-33, has a branched structure, iso-
lacto-N-octaose, that contains two type 1 branches. To better
understand the glycan motif recognized by VP8*N155, we
also characterized the structure of four HMGs that were
bound by VP8*N155 after a1-2 fucosidase treatment (Fig.
6B). HMG-29 and -34 were fucosylated linear hexaoses that

were converted to HMG-13/27 and HMG-21/28, respectively,
after loss of the a1-2 fucose. HMG-51 was converted by a1-2
fucosidase to a structure closely related to HMG-33, whereas
a component of HMG-60 was converted to HMG-33, and all
became VP8*N155 binders. It is apparent that VP8*N155 can
accommodate either a type 1 or a type 2 terminal LacNAc and
al-4 fucose (Le® fucose) or a1-3 fucose (Le* fucose) modi-
fication, respectively, at the terminal LacNAcs, but the pres-
ence of a terminal a1-2 fucose blocks the binding. These data
suggest that an internal trisaccharide sequence (highlighted in
Figs. 6A and 6B) might represent a common determinant in all
of the glycans bound by this VP8* domain.

VP8*RV3 bound to a completely different, but related,
group of HMGs. Of the 11 glycan targets analyzed, 8 glycans
were identified that shared a common determinant, and the
obvious common feature in all 8 VP8*RV3 binders was the
presence of a type 1 or an H-type 1 terminal determinant and
an internal Le* determinant (Fig. 6C). This is consistent with
the observation that VP8*RV3 does not bind to terminal type
2 glycan determinants on the defined CFG array (supplemen-
tal Fig. S1 and supplemental Table S2). All of the VP8*RV3-
binding glycans contain a common motif, a pentasaccharide
containing an internal Le*-trisaccharide (highlighted in Fig.
6C). Comparison of the VP8*N155 and VP8*RV3 domains
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revealed the exquisite specificity of these glycan binding pro-
teins. For example, if HMG-29, which was bound by
VP8*N155 after a1-2 fucosidase treatment, is modified with
an internal Le* fucose (HMG-37), it becomes a binder for
VP8*RV3. Similarly, if the «1-3 fucose residue (Le* fucose) is
absent from HMG-41/49, the VP8*RV3-binder becomes
HMG-33, which binds VP8*N155, and if the «1-3 fucose
residue (Le* fucose) is lacking from HMG-48, the VP8*RV3-
binder becomes a1-2-fucosidase-treated HMG-51 that binds
VP8*N155. Thus, it appears from these data that VP8*RV3 re-
quires the internal Le* because it does not bind to the same
structures lacking the «1-3 fucose that are binders of
VP8*N155. This also indicates that the internal «1-3 fucose
blocks the recognition of VP8*N155. Furthermore, all of the
branched VP8*RV3 binders contain two type 1 branches ex-
cept for HMG-48, which has a type 2 chain on the 3-arm, but
is actually a weak binder (Figs. 4C and 4D). We conclude
that VP8*RVS is specific for the type 1 terminal sequence
with an internal Le* on the 6-arm of branched HMGs and
that it prefers a type 1 chain on the 3-branch. The binding of
VP8*RV3 to HMG-5 (GalB1-3GIcNAcp1-6GalB1-4Gic) and
HMG-8 (Fucal1-2GalB1-3GIcNAcB1-6Galp1-4Glc) shown
in Figs. 4C and 4D seems inconsistent with this conclusion,
but their interaction with VP8*RV3 was atypical, as de-
scribed in the supplemental material.

VP8*B223 did not bind to any HMG smaller than a hexaose.
The smallest binder and minimal recognition unit, HMG-16, is
LNnH, which is a component of all of the branched binders
(Fig. 6D). HMG-45 is a free isoLacto-N-neooctaose, which is
a core structure that has not been previously described in
human milk based on recent reviews of the literature (6-9).
HMG-47 and -54 share another new core structure that also
has never been described before as a human milk glycan. This
core structure is an extension of LNnH and contains exclu-
sively type-2 LacNAc units. The fucose modifications on
HMG-47 and HMG-54 did not interfere with B223 binding, but
interestingly the internal Le* determinant did not cause rec-
ognition by VP8*RV3, which is consistent with the required
type 1 terminal structure preferred by VP8*RV3 (compare
HMG-47 with HMG-48). The only linear glycan in this group
was HMG-23/31, which is a binder for VP8*B223; it differs
from HMG-14/18 only by a Fuca1-3GIcNAc (internal Le*
determinant), but this modification eliminates binding by
VP8*N155. As mentioned above, HMG-45, -47, -65/67, and
-66 are also bound by VP8*N155 at high protein concentra-
tions. Such an observation is not very surprising because
VP8*N155 also binds to LNnT at 200 ug/ml, and these four
B223 binders contain an LNnT-like arm. VP8*B223 does not
bind to any of the VP8*N155 binders. A tetrasaccharide com-
ponent (highlighted in Fig. 6D) that is common to all of the
VP8*B223 binding glycans might be an important determinant
in this specific recognition.

These analyses of the three VP8* domains, together with
previous data from the defined CFG glycan microarray (50,

60), present a relatively complex picture of their binding spec-
ificities, which have an interesting similarity to those of an-
other class of glycan binding proteins, the galectins. These
VP8* domains, like many galectins, bind polylactosamines but
have distinct underlying specificities for smaller determinants
(89-91). The relationship of the structural similarities of the
VP8* domains to galectins (92) and their similarities in binding
properties is unknown.

The shotgun glycan microarray is a functional glycomics
approach to understanding the functional recognition of hu-
man milk glycans. From the large array of 247 unknown
glycans and glycan fractions, we selected and printed 32 for
further analysis on the HM-SGM-v2. Identification of these
glycans is not trivial, and we approached this problem using a
variety of classical methods to accumulate metadata on each
individual glycan. We have termed this approach metadata-
assisted glycan sequencing (25, 75) and have again demon-
strated its utility in determining the structures of VP8*-binding
glycans (Fig. 6). Of the 40 glycans whose structures are re-
ported, 21 had not been previously described as free glycans
in human milk (6-9). As the majority of the glycans displayed
in Fig. 6 are among the 21 previously unidentified HMGs, they
might not have been identified if we had not observed them as
isolated glycans binding to these VP8* domains.

It was surprising to discover that the VP8* of these three
different rotavirus strains bound such closely related glycan
structures while retaining unique specificities that were deter-
mined by comparing the detailed structures of the corre-
sponding binding glycans. The VP8*RV3 requires the internal
Le* determinant, whereas the N155 protein cannot tolerate it,
but its presence does not affect binding of the related B223.
It will be interesting to fully characterize these protein—-glycan
interactions by determining crystal structures of these pro-
teins bound to these complex HMGs. Future studies on the
role(s) of these HMGs as decoy receptors or the role(s) of the
glycan determinants as virus receptors on cell surface glyco-
conjugates will require larger quantities of the glycans to be
evaluated as inhibitors of virus infection in vitro or the gly-
comic analysis of cellular glycomes where cells or tissues
susceptible to rotavirus infection are shown to possess the
corresponding determinants.

None of the VP8* rotavirus attachment proteins required
sialic acid for binding; in fact, the presence of terminal sialic
acid prevented binding in some cases. Recent observations
show that not all rotaviruses require a sialic acid determinant
for binding (49, 74, 93). Based on the studies reported here, it
is important that the so-called neuraminidase-insensitive or
sialic-acid-independent rotaviruses be analyzed for their gly-
can binding specificities on similar shotgun glycan microar-
rays comprising milk glycans or glycans released from cells or
tissues susceptible to rotavirus infection.
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